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SUM4ARY 


objectives  were  to  measTxre  the  changes  in  crystallization  rate  (the 
primary  objective),  morphology  and  melting  temperature  of  strain-crystallized 
polymers  and  to  examine  their  originCs)  by  coaparing  the  results  vith  various 
theof^^cal  predictions. 

ftsults  from  escperimental  studies  of  strain-crystalUized  polyethylenes, 
prepared  in  a  simple  shear  couette  rheometer,  indicate  a  substantial  increase  in 
nueleatlon  rate,  a. decrease  in  long  period,  as  veil  as  an  increase  In  mei-faing 
temperature  vith  increasi^  shear.  The  Ganges  appear  to  have  the  same 
thermodynamic  origin  in  the  reduction  of  the  amount  of  melt  entropy,  dS',  Just 
prior  to  crystalllzatlan  according  to  a  strain-induced  crystallization  'Uieary 
by  Yeh  and  Hong.  Consequently  from  the  measured  nucleation  rate  -one  can  predict 
vhat  the  decrease  in  long  period  or  the  increase  in  melting  temperature  be 

for  a  given  strain-crystallized  polyethylene.  For  exaaple,  the  measured  nwi-h^ng 
temperatures  are  indeed  shovn  to  be  comparable  to  those  predicted  from  nucleatioa 
rate  meaisurements^^ 

Among  other  significant  findings  are  (l)  higher  molecular  wei^t  enhances 

the  rate  of  st radii- Induced  crystallization,  iii  contraist  to  the  usual  retardation 

effect  found  under  simple  supercoolings  and  (2)  the  degree  of  c-axis  orientation 

for  strad-n-induced  crystallites  is  advays  high  (f^  ^  0.8)  vhen  and  if  they  form 

under  shear.  On  the  other  hand,  if  shear-induced  crystallization  does  not  occur 

during  shearing  the  oriented  crystallites  formed  under  simple  supercooling 

conditions  have  ccanparatlvely  lov  degree  of  c-eucis  orientation  (f  »  0.2). 
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TBCEHICAL  REPOBT 

KIBETICS  OF  STRAIB-IBDUCED  CSYSTALLmnOr 
OF  POLYMERS  DUBIBG  FLOW 

Frerlously  we  have  demonstrated  that  a  sioiple  Bb*ar  field  eouette  xiiaoneter 

r'nn  be  used  to  obtain  nucleation  induction  times  of  strain-induced 

[21 

crystallites  (SIC)  and  infonnation  about  their  nucleation  rates  H  .  The 
same  eouette  rheometer  was  used  to  prepare  numerous  polyetbylenes  sheared  at 
various  temperatures  and  then  quenched  in  ice  water.  Effects  of  shear  rate  ‘f 
and  shearing.temperature  on  N  (in  terms  of^  ,  morphology  (primarily  in 
terms  of  c-ezis  orioitatlon  f  and  long  period  L)  and  melting  teoporatore  T. 
were  examined  in  detail.  Extensive  induction  times  were  obtained  on  two  dlffbrenh 
molecular  weijdit  polyetbylenes  to  establish  what  effect,  if  any,  molecular 
welc^t  has  on  the  nucleation  rates  of  SIC. 

Induction  Time 

First  we  were  able  to  again  confirm  that  the  onset  of  an  increase  in  shear 

force  vs.  time  is  an  excellent  indication  of  SIC  (Fig.  l).  For  example,  samples 

prepared  at  13^**C.  show  an  Induction  time  ^dille  those  prepared  at  the  same 

shear  rate  at  lUO**,  lU3°  and  1^0°  C.  which  do  not  strain-crystelllse  at  audi 

gT"«^n  sipercoolings ,  do  not  show  induction  times.  Melting  temperature  studies 

also  confirm  the  absence  of  SIC  crystallites  in  these  Non-SIC  samples  with  no 

induction  times.  WAXS  studies,  to  be  shown  below,  indicate  that  Ncm-SIC  sasples 

have  much  lower  c-axis  orientation  (f^  ^  0.2)  than  SIC  samples  which  show  induction 

times  (f  ~  0.8).  This  is  an  important  finding  in  the  case  for  shear-induced 
c 

crystallization  because  for  years  many  researchers  believed  that  SIC  crystallites, 
especially  those  formed  by  shear,  could  have  a  much  wider  range  of  f 

c 

(31 

orientations  because  of  the  proposed  row-nucleatlon  model*'  This  view  has 


remained  until  now  in  spite  of  the  fact  that  numerous  experimental  findings  oa 


*  I 

1 

rui 

SXC  from  elc^ational  strains  have  indicated  otiiervise  . 

Analyses  of  induction  times  from  numerous  preparations  (Figs.  2  and  3) 

all  indicate  that  they  follow  an  empirical  equation  1/t^  »  -e:q>(E^/R!r). 

The  parameters  and  depend,  greatly  i^on  BOleculsr  vei^t  (Table  1) . 

However  they  are  independent  of  shear  rate  and  tec^erature  for  SIC.  Coaq^ared 

to  thermally-induced  crystallization^^  ^  the  A^’s  are  several  ordmrs  larger 

and  the  E^^'s  several  times  smaller.  Since  1/t^  e2p(SQ/HT)e3cp(-AF*/BZ}  > 

the  variations  in  t^  with  molecular  wei^t  indicate  (1)  that  the  SIC  nueleation 

rate  increases  with  molecular  weight,  in  contrast  to  i crys-- 

tallizatioa  idiere  increasi^  molecular  weig^  decreases  the  TIC  nueleation  rate 

and  (2)  that  the  origin  of  nucleatlm  rate  increase  is  primarily  «atrp^c:»^ 

caused  by  a  reduction  in  melt  entropy,  AS*-,  ‘tdiich  is  contained  in  the  expressions- 
*E2l  (21 

for  AF  ^  According  to  our  thec.-y*’  AS*  is  responsible  for  changes  in 

nueleation.  rate,  long  period  and  melting  temperature.  Consequently  one  can  show 

that  from  the  known  constants  A^  and  (Table  1)  we  can  predict  the  enhancements 

of  nucleation-rate  N^/N  (N**  and  N  being  the  nueleation  rates  for  SIC  and  TIC 

respectively)  by  equation  1,  the  equilibrium  melting  tenperature  T  ®  for  SIC 

x& 

by  equation  2,  and  the  critical  nucle\as  thickness  1^**  by  equation  3  for  a  given 
molecular  welc^t  polyethylene. 
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The  three  equations  were  derlTed  oa  the  assuoptioii  that  the  SXC  process  Is 
heterogeneous.  Otherwise  another  set  of  equations  can  be  derived. 

Morphological  Studies 

From  WAXS  we  were  able  to  obtain  orientation  functions  f  ,  f.  and  f  for 

a  b  c 

both  SIC  and  Non-SIC  samples.  All  SlC  saoples  are  found  to  have  relatively 

[7l 

high  values.  For  exaa^le,  of  all  the  saaplAs  shown  in  Figure  4a  (Fig.  4'’'  '') 
tdiich  were  sheared,  act  6.5  sec"^  for  the  saae  aaotat  of  shear,  the  only  one 
that  has  an  indiictlon  tine  and  hi^  f^  value  is  the  one  sheared. at  13$^C. 

All  the  other  sanqiles  in  I^gs.  4a  and  4b  show  no  t.  and  relatively  lanr  f  values 
because  they  do  not  contain  SIC  crystals. 

It  is  also  of  interest  to  note  that  the  SIC  samples  contain  an  .additlonsl 
trlclinic  crystal  phase  as  indicated  by  the  presnioe  of  -&e  '^ertra"  xeflecticnis 
(Fig.  These  "extra”  reflections  have  been  indexed  to  correspond  to  a 
trlclinic  phase  (Figure  -6),  which  results  from  strain-induced  crystallization, 
during  flow^®^. 

From  SAXS  studies  we  were  able  to  ascertain  the  preseoce  of  two  long  periods, 
and  Lg  (Figure  (~50-60  nm)  varies  with  shearing  conditions,  t  "“li 

T^,  indicating  that  it  corresponds  to  the  SIC  crystals  formed  at  the  shearing 
temperature..  Lg  (.~30  nm)  remaina  ■.essentially  unehuged  with  “f  and  T^,  indicatl^ 
that  Lg  corresponds  to  crystals  farmed  during  TIC,  l.e.  during  the  qouxchlng 
process  at  low  temperatures. 

[2l  • 

The  decrease  of  with  arises  from  the  decrease  in  melt  entropy  dS"*  ^ 
with  increase  in  t  and  can  be  predicted  from  equation  3.  The  slight  difference 
in  long  periods  Lg  (32  nm  vs.  30  nm)  shown  in  Figure  T  is  real;  however  the  origin 
of  this  difference  is  unclear  at  the  present  time. 

Melting  Temperature 

Melting  temperatures  were  obtained  under  equilibrium  conditions  using 
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restrained  samples  in  DSC.  Double  peaks  in  DSC  endothertas  ^  (136>148"C. ) 
and  T  .  (ISI**  C.)  were  observed  for  all  the  sheared  sashes  with  inductioa 

VLfX 

times.  However  only  T  ^  was  observed  for  Hon-SIC  sanqples,  which  showed  no 

mjl 

inductioa  time.  T  ^  varied  while  T  ,  remained  essentially  constant  with  t 
m^h  m^x 

and  T  ,  indicating  that  T  .  can  be  associated  with  SIC  crystals 

generated  during  the  shearing  process  and  that  ^  associated  with 

thermaUy-induced  crystallitea  generated  during  the  q.uendting  process .  The 

measured  T  results  sm  shown  in  Figure  8,  together  with  melting  teBperatures 
m 

predlctred  "f.  TheragreoMiSr  IST  oonsidared  to'be  q.ui£e-good 

tho- predicted  Bialti^  tei^eratuTes  are  ■  eq.uilibriUBU  values  for 
fTi^nA.-fcaty  large  crystals  whereas  the  measured  melting  temperatures  were  ftaa 
crystallites  of  limited  crystal  thidmesses  (<50>60  am  from  Fig.  7). 

We  by  sayl^  that  althouj^  there  are  still  numerous  unresolved 

questions  regarding  SIC,  the  paresent  study  has  clarified  several  important 
controversial  aspects,  namely,  (l)  the  degree  of  orientation  of  SIC  crystals, 

(2)  the  siagaltude  of  changes  in  crystallization  rate,  long  period  and  melti^ 
teiig)erat\jre  of  SIC  polymer  and  (3)  the  origin  of  their  changes.  We  hope  that 
these  aspects  will  become  less  controversial  as  our  results  become  better  known 
and  substantiated  by  other  researchers. 
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Table  1 


Parameters  (sec*^^)  and  (Kcal/mole). 


Polymer 

ttir 

.  .  .  Ai 

El 

Maries  6050 

90,000 

2.1.  X  10-226  [5] 

UUO  [5] 

Marlex  60^0 

90,000 

8.3  X  10“^^ 

220 

Marlex  60OI 

200,000 

1.2  X  10-2*^ 

Ul.U 

T4a*C 


W5*C 


150*C  • 


PE  Marlex  6006 
Y=3^  s"’ 


t6=»erature  on  induction  time  of 

PE  Marlex  6001  (FT^  -  200,000). 


intensity 


/ 


tio 


Figure  6.  Schematic  representation  of  the  indexed  X-ray  difftmctloa 
pattern  of  strain-crystallized  polyethylene.  Triclinic  reflect iooa  are 
indicated  hy  arrows. 
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Figure  7.  Effect  of  shear  rate  on  long  period  of  atraln-crjrstalliaed  P® 
prepared  at  130®C.  and  13T®C» 
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ABSTRACT 

The  effects  of  shearing  conditions  (i.e.,  shear 
temperature  and  shear  rate)  on  the  degree  of  orientation  of 
polyethylene  Marlex  6006  and  to  what  extent  the  induced 
orientation  could  be  relaxed  were  examined  in  this  study. 

Two  types  of  samples  were  prepared;  namely,  SIC  and 
non-src  samples.  The  SIC  samples  show  induction  times  and 
possess ..  s  high  degree  of  c^axis  orientation  along  the  shear 
direct£da.^T&ew.£n<ficed  orfeireatrfagrog-  SIC'  ~  sampTaa ..  can-  Be-" 
relaxed  to>  a  extent,  but-  does,  not-  reach  a  steady  value.. 

Kon^SlC^  samples  da  not  show^  fnductxoa^-tfmee^  and- th^  sheie- 
low  degrees  of.  craxiA  ocientatioa.  The^  induced  '  oriMtatioo- 
of  non-SIC  .samples  can  be  relaxed  to  a  steady  state  value 
with  an  activation  energy  of  90  kJ/mole. 

Our  results  also  indicate  that  when  the  shear 
temperature  is  at  and  above  145°^,  polyethylene  can  be 
sheared  up  to  200Z  without  introdiicing  any  significant 
molecular  orientation  even  at  very  high  shear  rates. 
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